The phosphoprotein phosphatase 1 (PP1) catalytic subunit encoded by the Saccharomyces GLC7 gene is involved in control of glycogen metabolism, meiosis, translation, chromosome segregation, cell polarity, and G 2 /M cell cycle progression. It is also lethal when overproduced. We have isolated strains which are resistant to Glc7p overproduction lethality as a result of mutations in the SHP1 (suppressor of high-copy PP1) gene, which was previously encountered in a genomic sequencing project as an open reading frame whose interruption totally blocked sporulation and slightly slowed cell proliferation. These phenotypes also characterized our shp1 mutations, as did deficient glycogen accumulation. Lysates from the shp1 mutants were deficient in PP1 catalytic activity but exhibited no obvious abnormalities in the steady-state level or subcellular localization pattern of a catalytically active Glc7p-hemagglutinin fusion polypeptide. The lower level of PP1 activity in shp1 cells permitted substitution of a galactose-induced GAL10-GLC7 fusion for GLC7; depletion of Glc7p from these cells by growth in glucose medium resulted in G 2 /M arrest as previously observed for a glc7 cs allele but with depletion arrest occurring most frequently at a later stage of mitosis. The higher requirement of glycogen accumulation and sporulation for PP1 activity would permit their regulation via Glc7p activity, independent of its requirement for mitosis.
During the last several years, studies employing fungal genetics have begun to make a major contribution to our understanding of the roles that serine/threonine phosphoprotein phosphatases (PPs) play in the control of vital processes in eukaryotic cells. The need for genetic analysis seems particularly acute for PP1 and PP2A, whose broad substrate and pathway specificities could hamper the resolution of regulatory questions by purely biochemical approaches (14, 44) . The homolog of the mammalian PP1 catalytic subunit that is encoded by the GLC7 gene of Saccharomyces cerevisiae is essential for viability (17) . At its restrictive temperature, a glc7 cs mutant ceases growth at G 2 /M (23), which is reminiscent of the Mphase growth arrest exhibited by PP1 conditional mutants of Aspergillus nidulans (15) and Schizosaccharomyces pombe (31, 32) . Other, nonlethal mutations in GLC7 implicate it in control of mitotic chromosome segregation (18) , of glycogen metabolism (33) , of meiosis and/or sporulation (11) , of bud emergence (23) , and of control of translation via dephosphorylation of eukaryotic initiation factor 2␣ (eIF-2␣) (55) . Wild-type GLC7 is also lethal when overexpressed by fusion to a strong promoter (26) or by cloning on an inducible high-copy vector (see below). Lower levels of overexpression lead to decreased fidelity of chromosome segregation (18) .
In its effect on these disparate processes, it is still unclear whether Glc7p is actively regulatory, i.e., variably affecting the target process in response to an upstream effector or signal, or whether it is merely acting as a counterpoise to one or more actively regulatory kinases. If Glc7p is to play an actively regulatory role, an issue to be resolved is whether and, if so, how it can control different pathways independently of each other. One possible solution, suggested by analogy with mammalian PP1s, is association of Glc7p with regulatory subunits which target it to particular substrates or subcellular compartments (14, 44) . Gac1p, which is homologous to a mammalian PP1 glycogen-targeting subunit, may represent an example of this mode of regulation (19, 45) . In this paper we report the identification of a direct or indirect positive effector of Glc7p activity, encoded by the SHP1 (suppressor of high-copy PP1) gene, whose mutant phenotypes and biochemical effects imply that Glc7p may also be able to exert differential regulation of multiple pathways because they require different levels of its activity.
MATERIALS AND METHODS
Plasmids. pJH5 (54a) is a 9,818-bp plasmid consisting of pUC8 with the following yeast sequences inserted in its NdeI site after conversion of the NdeI cohesive termini to blunt ends with Klenow polymerase: the LEU2 HpaI-SalI fragment (3, 4) , a HindIII fragment of the 2m circle episome containing a FRT site for Flp1p-mediated recombination (bases 105 through 1017 of the standard map of the 2m circle A isomer [22] ; SalI-HindIII junction created by blunt ligation of Klenow polymerase-filled cohesive termini), the URA3 HindIII fragment (36) , and a HindIII-HpaI fragment of the 2m circle (bases 105 through 1684 of the B isomer [22] ) containing another FRT site, the origin of replication, and the STB partition locus (10) . Additionally, the SmaI-HpaI fragment of YCp50 containing CEN4 (39) is inserted in the SmaI site of the URA3 3Ј-flanking region, in the same orientation as in YCp50. Orientations of the components are shown in Fig. 1 . pJH5KAR1 was constructed by insertion of a 7.5-kb BamHI fragment of pMR32 (gift of M. Rose), consisting of KAR1 and flanking genomic sequences, into the BamHI site in the pUC8 polylinker of pJH5. pJH5HCL5 consists of pJH5 with an insertion of a 5.1-kb Sau3AI partial-digestion fragment of the S. cerevisiae S288C genome, including GLC7, in its BamHI site. Its isolation from a pJH5-based genomic library is described in Results. pRC21 was constructed by insertion of the largest XmnI-XbaI fragment of pFV17 (54) , containing a fusion of the GAL10 promoter to FLP1, into the XbaI site located 3Ј to HIS3 in pMM62 (29; gift of J. Broach), using XbaI linkers. pSRZ15 was constructed by subcloning the XhoI fragment of the HCL5 genomic insert containing GLC7 into the SalI site of pUC8 and then replacing the part of the GLC7 coding region extending from SalI to BglII with the LEU2 XhoI-SalI fragment derived from plasmid TLC1 (9; gift of J. Broach); the SalI and BglII ends were converted to XhoI by Klenow filling and attachment of linkers. pSRZ17 was constructed by PCR-mediated amplification of the GLC7 coding region and 3Ј-flanking sequences from pJH5HCL5 with primers that added a 5Ј XhoI site and a 3Ј HindIII site, cleavage of the product with those two enzymes, and substitution of the resulting XhoI-HindIII fragment for the SalI-HindIII fragment containing the 5Ј end of the FLP1 gene in the GAL10-FLP1 fusion plasmid pFV17 (54) . The primers for the 5Ј end of the coding region and for the 3Ј-flanking region had the sequences 5Ј-CCCCCCTCGAGATGGACTCACA ACCAGTTGACG-3Ј and 5Ј-CCCCCAAGCTTCCAAAGGAAGACGTGACC ATT-3Ј, respectively (32) , where the restriction sites are underlined and the initiation codon is in italic type. pSRZ24 was constructed by conversion of the unique StuI site of pSRZ17 to a XhoI site with a linker followed by the insertion, into that site, of the smaller XhoI fragment of pFV8, which contains a portable LYS2 interruption cassette (54) . pSRZ27 is a derivative of YIp5 in which the SalI-BamHI fragment in the tet r gene has been replaced with the fragment of the shp1-complementing YCp50 library clone 5 (see Results) that extends from the YCp50 SalI site, 276 bp to the left of the insert shown in Fig. 9 , to the BamHI site within SHP1 in the insert. pJL5 was constructed by insertion of the XhoI fragment of the HCL5 genomic insert containing GLC7 into the unique SalI site of YCp50. CB597 (49; gift of K. Arndt) is a YCp50 clone of GLC7 with an insertion of a sequence encoding an influenza virus hemagglutinin (HA) epitope (YPYDVPYDYAT) recognized by monoclonal antibody 12CA5 after the initiator methionine. pd13, pd46, and p1833 (all gifts of J. Cannon) are YEp24 (6) clones of genomic GLC1 and GLC4 and a YCp50 clone of genomic GLC8, respectively. B1311 (gift of M. Rose) is a YCp50 clone of MAT␣. YCp50 (39) was a gift of M. Rose, and YIp5 (47) and pUC8 (53) were gifts of J. Broach.
Yeast strains. Table 1 shows the genotypes of S. cerevisiae strains used in this study. Other than S288C, all were ultimately derived from the closely related [cir 0 ] strains S150-2B[cir 0 ], 4-18D, and MM1 (8, 29 ; gifts of J. Broach) via standard meiotic crosses and specific genome alterations described in this paper and reference 54. The HIS3::GAL10-FLP1 allele was constructed by one-step gene replacement (41) of his3⌬ with the smaller BamHI fragment of pRC21. The lys2::(LEU2 GAL10-GLC7) allele was constructed by one-step gene replacement of LYS2 with NcoI-cleaved pSRZ24, using the portable disruption cassette technique described in reference 54. glc7::LEU2/GLC7 heterozygotes were constructed by one-step gene replacement of one copy of GLC7 in homozygous diploid strains with glc7::LEU2, using PstI-HindIII-cleaved pSRZ15. Viable haploid strains bearing glc7::LEU2 were constructed by tetrad dissection of glc7::LEU2/GLC7 heterozygotes carrying GLC7 or GLC7::HA genes on CEN plasmids (i.e., pJH5HCL5, pJL5, and CB597). Plasmid-free derivatives of haploid shp1 glc7::LEU2 strains that contained GAL10-GLC7 fusions were isolated from YPGal cultures (see below). Lethality of the glc7::LEU2 alleles in haploid segregants was verified by the inability of the strains to lose their GLC7 or GLC7::HA plasmids during growth in nonselective media or, for the plasmidfree shp1 GAL10-GLC7 derivatives, by galactose-dependent growth. The correct structure of gene replacements was verified by Southern blotting (data not shown).
High-copy lethality assay. Late-exponential-phase cultures of strain RCY3-1C, transformed with pJH5 carrying a putative high-copy lethal (HCL) insertion and grown in ϪLeu ϪUra raffinose medium (see below), were diluted into SCGal medium to induce FLP1 expression for 45 min to 1 h. After brief sonication to disaggregate clumped cells, pre-and postinduction cells were spread on ϪLeu glucose plates (see below) at 10 4 cells per plate. Colonies were observed after 2 to 3 days. Cells originally transformed with pJH5 lacking an insert, or carrying a non-HCL insert, founded normal-sized colonies under these conditions at high efficiency (Ͼ50%), but those whose pJH5 inserts were HCL founded such colonies 2 orders of magnitude less frequently (Fig. 1) ; the difference was made up by pinpoint-to-very-small colonies whose size was characteristic for each particular HCL gene (too small to be seen in Fig. 1 and 2 ; visible at higher magnification in Fig. 3 ). For library and suppression screening, the assay was performed essentially as described in the preceding sentences, using small-scale cultures grown on a nutating platform in 96-well dishes. Then, cells were plated after induction by carefully removing a loopful of culture supernatant without disturbing sedimented cells and streaking a one-sixth sector of a ϪLeu plate (Fig.  3) .
Immunofluorescence staining and photomicrography. Formaldehyde fixation and immunofluorescence staining of yeast cells were performed as described in reference 34. We stained microtubules with YOL1/34 rat monoclonal anti-yeast ␣-tubulin primary antibody (Sera Lab) diluted 1:100 and rhodamine-conjugated goat anti-rat immunoglobulin G secondary antibody (Sigma) diluted 1:400. We stained the GLC7::HA fusion protein with 12CA5 mouse monoclonal anti-HA primary antibody (BABCO) diluted 1:128 and fluorescein isothiocyanate-conjugated sheep anti-mouse immunoglobulin G secondary antibody (Sigma) diluted 1:200. For DNA staining, 4Ј,6-diamidinophenylindole (DAPI) was added to the mounting solution at 1 g/ml. Epifluorescence and Nomarski differential interference contrast photomicrography were performed with a Nikon Labophoto-II photomicroscope with a 100ϫ objective and Kodak Tri-X Pan or Ektachrome 400 film.
DEAE-cellulose chromatography of PPs. Steady-state experiments employed 200-ml early-stationary-phase (180 Klett units) yeast cultures grown in yeast extract-peptone-dextrose (YPD). For GLC7 overexpression experiments, cells were transferred from those cultures to 200 ml of YPRaf medium, incubated for 8 h, transferred to 200 ml of YPGal medium, and incubated for 2 h. Inocula for the YPRaf cultures were adjusted so that the final density of the YPGal cultures was approximately the same as that of the YPD cultures. Cells were harvested by centrifugation at 4,000 ϫ g in a GSA rotor for 5 min, washed with 100 ml of ice-cold water, and repelletted, and the pellets were frozen at Ϫ70ЊC. 4 cells were spread on ϪLeu plates before and after galactose induction of FLP1 transcription. In RCY3-1C(pJH5KAR1) and other RCY3-1C(pJH5HCL) strains, more than 90% of residual Leu ϩ CFU after galactose induction result from failure of the plasmid to recombine or from reversal of the recombination and more than 90% of the remainder result from chromosomal integration of the plasmid or gene conversion of the chromosomal leu2 allele (21a). pellets were suspended in 1 ml of buffer A [50 mM Tris-HCl (pH 7.4), 0.2 mM EDTA, 0.2 mM ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA), 1 mM phenylmethylsulfonyl fluoride] and lysed by addition of 1 ml of acid-washed glass beads and four cycles of vortex mixing at 4ЊC for 2 min alternating with chilling on ice for 2 min. Extracts were clarified by full-speed centrifugation in a microcentrifuge for 15 min at 4ЊC, diluted to 4 ml with ice-cold buffer A, and applied to a 3-ml DEAE-cellulose column which had been preequilibrated with buffer A. Within each experiment (i.e., fractionation of the two extracts in Fig. 7A and of the four in Fig. 7B ), the same amount of protein was used for each column run. The column was washed with 5 ml of buffer A and eluted with 20 ml of a linear salt gradient (0 to 0.5 M NaCl) in buffer A, and 0.5-ml (see Fig. 7A ) or 1-ml (see Fig. 7B ) fractions were collected.
PP assay. We measured the PP activity in DEAE-cellulose chromatography fractions as release of soluble 32 P from labeled glycogen phosphorylase a, using the Gibco BRL Protein Phosphatase Assay System. We labeled and purified the substrate by using kit protocols and materials and reacted 20 l of purified substrate with 20 l of full-strength or diluted (in assay buffer) column fraction and 20 l of protein phosphatase assay buffer (20 mM imidazole-HCl [pH 7.63], 0.1% ␤-mercaptoethanol, 1 mg of bovine serum albumin per ml, 0.1 mM EDTA, 0 or 2 nM okadaic acid). Reactions were stopped and substrate precipitated after a 10-min incubation at 30ЊC by addition of 180 l of ice-cold 20% trichloroacetic acid. After centrifugation for 3 min at full speed in a microcentrifuge, the acid-soluble 32 P in 200 l of supernatant was measured by scintillation counting. A PP unit was defined as release of 10 Ϫ9 nmol of 32 P min Ϫ1 by 1 l of column fraction.
Cell fractionation and Western immunoblotting. Nuclear and cytoplasmic fractions of strains FVY93043 and FVY93044 were prepared by percoll gradient fractionation (2) . In these experiments, ''total-cell lysate'' refers to the cleared prenuclear supernatant, ''cytoplasm'' refers to the postnuclear supernatant, and ''nuclei'' refers to the Percoll gradient fraction. Fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis through a 12.5% gel. Per-lane loadings were 10 mg of protein from the total-cell lysates and cytoplasmic fractions and 5 mg of protein from the nuclei. The resolved protein bands were transferred to nitrocellulose membrane and detected by the ECL Western Blotting Analysis System (Amersham Life Science).
Miscellaneous methods. Routine yeast media were made according to the formulas in reference 40, and strains were grown at 30ЊC in or on YPD unless other conditions are specified. Selection for hybrid or transformed strains was done with synthetic complete (SC) medium lacking one or two defined nutrients, notated as -Leu, -Ura -His, etc. Substitution of 2% galactose or raffinose for glucose is notated as YPGal, -Ura raffinose, etc. Medium for determination of nitrogen starvation sensitivity was prepared as described in reference 52. Ethyl methanesulfonate (EMS) mutagenesis was performed as described in reference 40, with EMS treatments of 15 and 30 min. Yeast transformation was performed by the lithium acetate procedure (24) . Polyethylene glycol-mediated spheroplast fusion was performed by subjecting a mixture of the strains to be fused to the manipulations described for polyethylene glycol-mediated transformation (40) , omitting the transforming DNA, and omitting from the plating medium auxotrophic nutrients appropriate to select fusion strains. Glycogen accumulation in yeast colonies was estimated semiquantitatively by carefully flooding plates with 5 ml of 0.2% I 2 -0.4% KI solution and photographing the result after 2 min (52). Recombinant DNA manipulations were performed as described in reference 42 with enzymes obtained from New England Biolabs except where otherwise noted. The library of partially Sau3AI-digested S. cerevisiae S288C genomic DNA was cloned in BamHI-cleaved, dephosphorylated pJH5 as described in reference 37. Oligonucleotides were obtained from the SUNY-HSCB Morse Institute DNA Core Facility. Southern blotting (12) was performed at normal stringency with a Construction of FVY2-6B is described in reference 54. S288C is described in reference 40. The remaining strains were constructed in the course of this work. b steX is an uncharacterized strong sterile allele recovered in the same isolate (i.e., FVY9147) as shp1-2 after EMS treatment of RCY3-1C(pJH5HCL5). The steX heterozygote FVY91193 was constructed by polyethylene glycol-mediated spheroplast fusion of FVY9147 and FVY91123-4D, and all other shp1-2 strains are derived from it. The sterile phenotype segregated independently of GLC7 overexpression lethality suppression and of mating type in the meiotic progeny of FVY91193 (data not shown), and none of the derivative shp1-2 strains listed above is sterile.
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RESULTS
shp1 mutations suppress high-copy lethality of GLC7. We recovered GLC7 during a screen of the yeast genome for HCL sequences. The design of the screen and its results will be reported in more detail elsewhere; briefly, it was performed with a yeast replicating vector of novel design, pJH5, whose copy number is initially centromere limited (13, 20, 46) but can be induced to increase 10-to 20-fold (21a) as a result of in vivo excision of its centromere by controlled site-specific recombination mediated by Flp1p recombinase (7, 54) (Fig. 1) . We cloned a library of Sau3AI partial digestion fragments of S. cerevisiae S288C genomic DNA in pJH5, amplified it in Escherichia coli, used it to transform yeast strain RCY3-1C, and then induced centromere excision from the library clones by galactose induction of a GAL10-FLP1 promoter fusion. Individual examination of 8,074 transformants revealed 883 primary isolates whose colonies initially grew normally under selection for the LEU2 marker of the vector but showed different degrees of growth retardation after centromere excision. Of 47 confirmed HCL isolates whose postexcision growth retardation was the most severe, 21 contained identical 5.1-kb insertions. Deletion and linker insertion mutagenesis of one of these inserts, HCL5, showed that its Hcl phenotype depended on the presence of an intact GLC7 gene (Fig. 2) .
As an approach to identifying biologically significant regulators or substrates of PP1 in S. cerevisiae, we sought to induce extragenic mutations which would suppress the high-copy lethality of GLC7. We treated RCY3-1C(pJH5HCL5) cells with EMS to effect 60 and 10% viability levels and tested 1,248 plasmid-bearing survivors individually for the Hcl phenotype. Of these, 11 showed different degrees of loss of the phenotype (data not shown). We used genetic tests to assess the reproducibility, specificity, and meiotic segregation pattern of the suppression of the Hcl phenotype of GLC7 exhibited by these isolates and to determine their ploidy (Table 2 ). This analysis revealed that most of the isolates (7 or 8 of 11) were diploid derivatives of the haploid host strain, which had evidently arisen through endomitosis or self-mating and which could partially suppress the Hcl phenotypes of GLC7 and other un- related HCL genes by virtue of their ploidy. However, 2 of 11 primary isolates (Table 2 , class D), designated FVY91131 and FVY9147, were haploid descendants of RCY3-1C which had acquired chromosomal mutations that specifically and strongly suppressed the Hcl phenotype of GLC7. Since the complementation data presented below indicate that they are allelic, we have designated the suppressive mutations in FVY91131 and FVY9147 as shp1-1 and shp1-2 (for suppressor of high-copy PP1), respectively.
shp1 mutations suppress lethality of an induced GAL10-GLC7 fusion. We integrated a fusion of the GAL10 promoter to the GLC7 coding region at the LYS2 loci of shp1-1, shp1-2, and control strains. As expected (26) , induced expression of the fusion was severely toxic in the wild-type cells (Fig. 4) . In contrast with the previous report (26) , however, we observed striking morphological consequences of GLC7 overexpression (Fig. 5) . While the cells did not exhibit cell cycle stage-specific arrest of growth, a high percentage of them exhibited one of two pathological terminal morphologies: unbudded and with a short spindle but abnormally large and round (68%); or with bizarre, abnormally elongated buds (15%). During the course of arrest, the latter group exhibited an elongated nucleus, extending into both cells, and an elongated spindle; however, both nuclear lobes and both spindle poles were frequently seen in the same cell body (e.g., one cell in Fig. 5C and D) . At late times after galactose induction, no organized nucleus or spindle could be visualized in most cells by DNA or tubulin staining (data not shown).
As shown in Fig. 4 and 5, the shp1-1 mutation suppressed overexpression toxicity of GAL10-GLC7 at the level of growth, viability, and morphology, which implies that its primary suppression of the Hcl phenotype of GLC7 was not a result of an effect on plasmid population dynamics but, rather, of a decrease in concentration or activity of Glc7p, or in the response of the cells to Glc7p activity. The suppression of GAL10-driven overexpression lethality by this mutation additionally argues against the effects of the mutation being related to control of transcription from the GLC7 promoter. In contrast, the ploidy effects on susceptibility to GLC7 high-copy lethality, described above, did not carry over to overexpression lethality of the fusion gene: wild-type MATa/MAT␣ diploid strains homozygous or heterozygous for the lys2::GAL10-GLC7 allele remained normally susceptible (data not shown).
The shp1 mutations confer recessive deficiency in glycogen accumulation and sporulation and define a single complementation group unlinked to GLC7. The prototypic mutant allele of GLC7, glc7-1, confers deficiency in glycogen accumulation and in sporulation without ablating the essential function of Glc7p (11, 33) . We assessed these phenotypes in shp1-1 and shp1-2 haploid strains, in homozygous and simply heterozygous mutant diploid strains, and in shp1-1/shp1-2 heterozygotes. The results of these studies, shown in Fig. 6 and Table 3, indicated that the shp1-1 and shp1-2 mutations also conferred recessive deficiency in glycogen accumulation, as measured by iodine staining, and in meiotic differentiation, as measured by spore formation, and that, further, they failed to complement each other's deficiencies in these phenotypes. Additionally, in strain FVY92189 (GLC7 GAL10-GLC7 shp1-1), induction of the GAL10-GLC7 fusion suppressed the Glc Ϫ phenotype of the shp1 mutation, in contrast to strain FVY91175-1C (GLC7 shp1-1), which remained Glc Ϫ on YPGal plates (data not shown). Together with their repeated coisolation in primary mutant strains, cosegregation of the suppressive (Shp Ϫ ), Glc Ϫ , and Spo Ϫ phenotypes in meiotic tetrads from a shp1-1 heterozygote indicated that they were all manifestations of mutations in one gene (Table 4) .
Deficiency in accumulation of storage carbohydrates and deficiency in the ability to commit to meiotic differentiation are also hallmarks of mutations in a variety of genes that result in unregulated or excessive activity of cyclic AMP (cAMP)-dependent protein kinase (11, 21, 27, (50) (51) (52) . Typically, however, such mutations produce a pleiotropic deficiency in G 0 -phase physiologic adaptations, including not only those associated with glc7-1 but also those that enable the cell to withstand stressful conditions such as heat shock and nutrient limitation. We tested wild-type and shp1-1 and shp1-2 mutant strains for their sensitivity to heat shock and to nitrogen deprivation by replica plating patches of them grown on YPD at 30ЊC to KAR1 (21a, 38) . The Hcl phenotypes of six transformants of each isolate with each plasmid were assessed, yielding fully congruent results. Figure 3B shows examples of strong suppression (pJH5HCL5) and nonsuppression (pJH5KAR1). Weak suppression results in the appearance of very small colonies whose cells can be serially propagated on ϪLeu plates, in place of the inviable microcolonies observed in the absence of suppression (data not shown).
c Plasmid-free derivatives of primary isolates were transformed with B1311 (ϭYCp50::MAT␣), and sporulation was induced on plates. Sporulation of 1 to 10% is normal in this strain background (53a).
d Primary isolates were hybridized with FVY91123-4D (relevant genotype, MAT␣ ade2), and sporulation was induced on plates. Hybridization was accomplished by mating except for one sterile class D isolate, which required polyethylene glycol-mediated spheroplast fusion (see Table 1 , footnote b).
e Shp, suppression of high-copy lethality of GLC7-PP1. ϩ, nonsuppressive (GLC7 remains Hcl); Ϫ, suppressive. f Progeny of tetrads derived from two of seven primary isolates were retransformed with pJH5HCL5 and were scored for Shp The results failed to demonstrate any difference between the wild type and mutant strains (data not shown), indicating that the defects in shp1 mutant strains are unlikely to affect control of cAMPdependent protein kinase activity. Also favoring this interpretation are the observations that shp1 strains do not exhibit a rapid loss of viability after nutrient exhaustion in liquid cultures (see, e.g., Fig. 4 ) and that they remain highly viable for more than 1 month on YPD plates stored at 4ЊC (56) . Since the shp1 mutations were recessive but suppressed the dominant overexpression lethal phenotype of the wild-type GLC7, they were very unlikely to be alleles of GLC7. Nevertheless, the similarity of their secondary phenotypes to those of glc7-1 prompted us to formally rule out this possibility. When we dissected meiotic tetrads of the shp1-1/SHP1 ϩ glc7::LEU2/ GLC7 ϩ diploid strain FVY93146, which was also homozygous for a GAL10-GLC7 insertion at the LYS2 locus, on YPD plates, viability segregated 2:2 as expected (17; data not shown). Cells derived from 9 of 18 viable (and, therefore, GLC7 ϩ ) spores suppressed lethality of the galactose-induced fusion, and those from the other 9 did not, demonstrating that shp1-1 is not an allele of GLC7. Also, in another cross, a his3 allele and shp1-1 segregated at random, implying that shp1-1 is not an allele of GAC1, which is linked to HIS3 (30; Table 4 ).
Strains bearing shp1 mutations exhibit an increased generation time. During genetic analysis of the shp1 mutations we observed cosegregation of small colony size with the suppressive phenotype ( Fig. 6 ; Table 4 ). This defect characterized colonies founded by vegetative cells, as well as those grown from spores, was seen (on YPD plates) both in strains that did and in strains that did not harbor GAL10-GLC7 fusions and was not noticeably exacerbated or ameliorated by growth at 23 or 37ЊC (data not shown). This secondary phenotype of shp1 mutations was also observed in liquid culture. In the experiments shown in Fig. 4 , FVY92215-9A (shp1-1 GLC7 GAL10-GLC7 [ Fig. 4E] ) had a generation time of 138 min during exponential growth in YPD liquid, compared with 97 min for FVY92192 (SHP1 GLC7 GAL10-GLC7 [ Fig. 4B] ) and 90 min for FVY2-6B (SHP1 GLC7 [Fig. 4A] ). In another experiment in which growth in liquid YPD of FVY92215-9A and FVY2-6B was compared directly, the strains had generation times of 132 and 84 min, respectively (data not shown). As discussed below, SHP1 was analyzed (as open reading frame YBL0515) in the course of sequencing chromosome II (43) ; in that analysis, a mutant strain bearing an shp1 disruption allele had a generation time in liquid YPD of 145 min, compared with 90 min for an isogenic wild-type strain. This demonstrates that the growth defect of shp1 mutants is intrinsic and unrelated to the GAL10-GLC7 fusions present in the strains we have tested. Since shp1-1 drastically reduces PP1 activity (see below), slow growth could be a result of transient arrest at the point or points in G 2 /M when Glc7p activity is required for cell cycle progression (23; also see below). However, although we have not rigorously ruled out this explanation, in none of the shp1 mutant strains which we have examined have we observed the major elevation in the percentage of large-budded cells that such a mechanism would predict ( Fig. 5 and data not shown) .
The shp1-1 mutation reduces cellular PP1 activity without affecting either the steady-state level of Glc7p or its subcellular localization, which is mainly nuclear. To account for the suppression of GLC7 overexpression lethality by shp1-1 and for the Glc Ϫ and Spo Ϫ secondary phenotypes associated with this mutation, we investigated the effects of the shp1-1 muta-tion on cellular PP1 activity and on the steady-state level and intracellular location of Glc7p. Figure 7A and B shows the level of dephosphorylation activity directed against glycogen phosphorylase a in SHP1 ϩ and shp1-1 cells. In the experiment shown in Fig. 7A , extracts of wild-type (left graph) and shp1-1 (right graph) cells were analyzed by DEAE-cellulose chromatography. In both strains, the only functional GLC7 gene was a fusion (described below) of the coding region to an influenza virus HA epitope-encoding sequence, carried on a centromeric plasmid. Column fractions were assayed for PP activity in the presence (solid line) and absence (dotted line) of 2 nM okadaic acid (a concentration chosen to selectively inactivate PP2A) and for the presence of Glc7p by Western blotting with anti-HA monoclonal antibody. Figure 7B shows the results of a separate experiment in which Glc7p was expressed from the normal GLC7 locus alone (solid lines) or from the GLC7 locus and an induced GAL10-GLC7 fusion locus (dotted lines) in an
SHP
ϩ strain (left graph) or an shp1-1 strain (right graph). In this experiment, all PP assay mixtures included 2 nM okadaic acid.
In the first experiment, the resistance of the first peak to inhibition by 2 nM okadaic acid identifies it as PP1; recovery of the Glc7-HA fusion polypeptide in first-peak fractions is consistent with this assignment. In the second experiment, the increase in PP activity upon galactose induction confirms that the single remaining, okadaic acid-resistant peak was due to Glc7p. In both experiments, it is apparent that the shp1-1 mutation strongly depressed PP1 activity; furthermore, its relative effect was greater in the cells overproducing Glc7p from the GAL10-GLC7 fusion, which would be consistent with its product being limiting for PP1 activity. The variation between the basal (uninduced) levels of PP1 activity in wild-type cells in the two experiments may have been caused by the different levels of protein loaded on the columns, the use of wild-type versus HA-tagged Glc7p, location of the active copy of GLC7 or GLC7::HA on a chromosome versus a centromeric plasmid, different batches of labeled substrate, or some combination of these factors (see figure legends and Materials and Methods for detailed experimental conditions). In any event, it does not vitiate the conclusion that shp1-1 decreases Glc7p-PP1 activity, since that conclusion rests entirely on comparisons within the individual experiments.
To determine whether the effect of the shp1-1 mutation on cellular PP1 activity was mediated by a decrease in Glc7p polypeptide level, we introduced a fusion of GLC7 and a sequence encoding an influenza virus HA epitope, carried on centromeric plasmid CB597 (49), into isogenic shp1-1 and SHP1 ϩ strains and detected the fusion polypeptide by Western blotting using an anti-HA monoclonal antibody. To ensure the biological relevance of the Glc7p-HA fusion protein, in the strain used for this experiment the chromosomal GLC7 locus contained the lethal glc7::LEU2 allele described above, so that the only source of the essential function of Glc7p was the fusion gene. These cells grew normally, and, as expected, viable cells lacking the plasmid URA3 marker could not be isolated after growth in YPD; additionally, these cells were Glc Ϫ , while the SHP1 ϩ glc7::LEU2 [GLC7::HA] strain FVY903044 was Glc ϩ , indicating that the Glc7p-HA fusion responded to the genotype of the SHP1 locus in the same way as wild type Glc7p (data not shown). The Western blot results (Fig. 7C ) did not show a difference between the polypeptide levels in the shp1-1 and SHP1 strains that could account for the previously observed difference in PP1 activity. 
a Sporulation was induced on plates (40) , and the cultures were inspected microscopically for spore formation. A total of 1,000 cells of each culture were scored. (LEU2 GAL10-GLC7) .
b Large and Small refer to the sizes of spore colonies after 2 or 3 days. Shp phenotypes were scored by replica plating to YPGal to induce transcription of the GAL10-GLC7 fusion. Glc phenotypes were scored by iodine staining. Spo phenotypes were scored by mating segregants with shp1-1 haploid tester strains, inducing sporulation of the resulting diploid strains on plates (40) , and inspecting the cultures microscopically for spore formation. Because in some cases the biological functions of PP1 may be regulated by modulation of its intracellular location (14, 19, 44) , we investigated the effects of shp1-1 on the localization of the Glc7p-HA fusion polypeptide. Immunofluorescent staining indicated a predominantly but not exclusively nuclear location (data not shown), which is consistent with the results observed for dis2 ϩ -PP1 in S. pombe (32) . We therefore compared the partitioning of the polypeptide between nuclear and cytoplasmic fractions in wild-type and shp1 cells by Western blotting. These results confirmed the predominantly nuclear localization but failed to demonstrate any difference between the two strains (Fig. 7D) . We conclude from these and the previous results that the shp1 mutations were more likely to affect the catalytic activity of Glc7p than its production, localization, or turnover. Depletion of Glc7p in an shp1 strain results in arrest of the cell division cycle during mitosis. The suppression of the lethality of the induced GAL10-GLC7 fusion by the shp1 mutations permitted us to use GAL10 promoter control to assess the phenotypic effects of loss of Glc7p function. We induced sporulation of the glc7::LEU2/GLC7 [URA3 GLC7] heterozygote FVY93012(pJL5) and recovered three shp1-1 lys2::GAL10-GLC7 glc7::LEU2 haploid segregants, all of which contained pJL5. After overnight growth of these strains in YPD, YPRaf, and YPGal liquid media, we streaked the cells onto plate media of the same composition and assessed the loss of the plasmid by replica plating to -Ura galactose medium. We observed plasmid loss in approximately 1% of cells that had been grown in YPGal but no plasmid loss in the other cultures (data not shown), leading us to conclude that the GAL10-GLC7 fusion failed to supply the essential function of Glc7p during growth in glucose-or raffinose-based medium.
We then grew two of the plasmid-free descendants in YPGal liquid medium to midexponential phase (2 ϫ 10 7 cells per ml), transferred the cells to YPD medium, and monitored the cultures at intervals for cell concentration and the percentage of viable and of budded cells. As expected, the return to growth on glucose resulted in gradual cessation of growth and loss of cell viability as the existing Glc7p was either turned over or diluted thorough cell division; as growth ceased, the percentage of budded cells in the cultures increased dramatically (Fig.  8 shows these results for one of the cultures). Microscopic examination revealed a preponderance of large-budded cells in the arrested population, consistent with stage-specific arrest at G 2 /M. Staining of chromatin with DAPI and of microtubules with anti-␣-tubulin monoclonal antibody showed 80% of nuclei in the large-budded cells to be bilobed and extending through the bud neck, with extended spindle fibers, a morphology consistent with late mitotic arrest. The remainder contained globular nuclei with short spindles, located near the bud neck in the mother cell, a morphology more consistent with G 2 or early mitotic arrest (Fig. 8) . We conclude that the activity of Glc7p is required for entry into or completion of mitosis. This result resembles but differs in detail from early M-phase arrest caused by a glc7 cs mutation (23); possible explanations for the difference will be discussed below.
The shp1 mutations are lesions in a gene of previously unknown biochemical function found on chromosome II. To identify the SHP1 gene, we transformed the shp1-1 GAL10-GLC7 strain FVY92189 with plasmid DNA from a YCp50-based yeast genomic library (39; plasmid-bearing bacterial cultures kindly provided by W. Chirico). We tested transformants for plasmid-dependent restoration of the overexpression lethality of GAL10-GLC7, specifically, the inability to grow on -Ura galactose plates, accompanied by the ability to grow normally on both -Ura glucose and YPGal plates. Among 20,000 primary yeast transformants, we identified 3 confirmed isolates, bearing clones from different library pools, which conferred this phenotype. We recovered the library clones in E. coli, determined by restriction mapping and stringent Southern hybridization that they contained overlapping genomic insertions (data not shown), and reintroduced them into mutant yeast cells, where they all complemented both shp1-1 and shp1-2 (Fig. 9) . We also tested the ability of cloned copies of the wild-type alleles of GLC1, GLC4, and GLC8, which were carried on plasmids pd13, pd46, and p1833 and which encode the two isoforms of Ras2p GTPase activator protein and a homolog of the mammalian heat-stable PP1 inhibitor-2, respectively (11), to complement shp1-1 and shp1-2; they did not (data not shown).
By deletion and linker insertion mutagenesis of one of the library clones (primary complementing isolate 5), the sequences specific for its ability to restore the lethal phenotype were localized to the region immediately surrounding a BamHI site (Fig. 9) . We obtained 150 bases of DNA sequence adjacent to this site which exactly matched the sequence of an open reading frame designated YBL0515, which had been identified during a chromosome II sequencing project and whose disruption had resulted in asporogenesis and slow growth (43) . The sequence of SHP1 predicts a 432-amino-acid protein with a molecular mass of 47 kDa and a pI of 4.63. Its predicted amino acid sequence is not strongly homologous to any other sequence on deposit in the public databases (BLASTP and TBLASTN searches of the nonredundant union set of sequences on deposit at the National Library of Medicine [1] ), and a search for protein functional consensus sequences was uninformative except for identification of a number of potential sites for posttranslational modification, most notably one site for phosphorylation by cAMP-dependent protein kinase and eight each for phosphorylation by protein kinase C and casein kinase II (IntelliGenetics PC/GENE PRO-SITE search [5] ).
To confirm that the complementing clones contained SHP1, we subcloned part of the genomic insert found in isolate 5 into the URA3-marked integrating vector YIp5; used a PmeI digest of the resulting plasmid, pSRZ27, for targeted integrative transformation of the SHP1 ϩ GAL10-GLC7 strain FVY92192; and obtained chromosomal integrants carrying the plasmid at the locus homologous to the library insert. In a cross of one such integrant with the shp1-1 GAL10-GLC7 strain FVY92215-2D, 29 of 29 meiotic tetrads exhibited a parental ditype segregation pattern of Ura ϩ Shp ϩ and Ura Ϫ Shp Ϫ , indicating that the cloned locus was tightly linked to SHP1. This and the similarity of the secondary phenotypes of the shp1 mutants to those resulting from interruption of YBL0515 (43) lead us to conclude that they are the same gene.
DISCUSSION
The broad substrate specificity of PP1 naturally raises the question of how modulation of its activity can be exploited in the control circuits that govern individual biological processes. An answer to this question which has received much experimental validation is that the PP1 catalytic subunit (PP1 c ) forms complexes with regulatory subunits which target it to particular subcellular compartments, thus endowing the holoenzyme with more in vivo specificity than is apparent in vitro (reviewed in references 14 and 44). The clearest example of this is the G (glycogen-binding) subunit, encoded in S. cerevisiae by GAC1 (19, 45) , whose physical association with PP1 c is specifically required for the stimulation of glycogen biosynthesis by PP1.
The phenotypic and biochemical effects of shp1 mutant alleles, presented here, suggest another mechanism for the differential regulation of PP1-dependent processes: modulation of Glc7p catalytic activity in an environment in which different processes have different requirements for such activity. Our EMS-induced shp1 mutations markedly reduce Glc7p catalytic activity without noticeably affecting the level or distribution of the protein. ity by shutoff of GAL10-GLC7 in an shp1 strain results in a lethal phenotype similar to that produced by glc7 cs at its restrictive temperature (23) . Ablation of SHP1 is not lethal but, instead, has the same effects on growth and sporulation which we have observed for EMS-induced mutations (43) . We conclude from these observations that Shp1p is a direct or indirect positive regulator of Glc7p activity; that the Shp1p-dependent, maximal activity of Glc7p is required for normal sporulation and glycogen accumulation and for overexpression lethality; and that a Shp1p-independent, basal level of Glc7p activity is sufficient for its essential G 2 /M function(s). Thus, since widely variable levels of Glc7p activity are compatible with viability, there is latitude for physiological control of its other functions via control of Glc7p protein level or activity. This would not be incompatible with other, more specific controls, such as glycogen targeting by Gac1p; rather, it would be superimposed on them. The previous observation of an increase in the GLC7 transcript level during the onset of stationary phase (17) is compatible with control at the level of gene expression, and regulation by Shp1p could provide posttranslational control.
How Shp1p regulates Glc7p is an open question. Although Shp1p could be a positive regulatory subunit like Gac1p, the observation that no polypeptide agreeing closely with the predicted native molecular weight of Shp1p is coimmunoprecipitated with Glc7-HAp (49) argues that its effects may be more indirect. By analogy with mamalian cells, in which PP1 c is also regulated by physical association with inhibitory subunits (14, 44) , one possible mode of indirect action of Shp1p would be the inactivation of such subunits. Also favoring an indirect role for Shp1p is the possibility that shp1 mutations have pleiotropic effects on other PPs. In the experiment shown in Fig. 7A , it appears that there may be a negative effect of the mutant on The restriction map shown is that predicted by the sequence of the region (43); our empirical map of the insert agrees on the order and approximate spacing of all of the sites shown, except that we failed to detect one of the two closely spaced SwaI sites (data not shown). The numbered open reading frames are those described in reference 43; YBL0509 and YBL0519 are predicted to be 3Ј truncated in this isolate. The small black arrow represents the sequence we determined. Deletion mutations are shown as gaps, and frameshifting NotI linker insertions are shown as triangles. Restoration of the overexpression lethal phenotype of the GAL10-GLC7 fusion in the shp1-1 strain FVY92189 by the mutants was scored as described for panel A (data not shown). Abbreviations: ORF, open reading frame; Oel, overexpression lethality of the GAL10-GLC7 fusion; A, AflII; B, BstEII; Ba, BamHI; C, ClaI; E, EagI; P, PvuII, Pm, PmeI; S, SwaI; Sn, SnaBI.
PP2A activity, although the absence of data on the level of PP2A protein and its recovery from the column and the lack of corroborating phenotypic data preclude a firm conclusion to that effect. The existence of a PP2A overproduction phenotype (35) could provide a test of this hypothesis.
In addition to what they tell us about SHP1 itself, the data we have presented provide new information on the essential function(s) of PP1 in G 2 /M progression and, to a lesser extent, on the mechanism of GLC7 overexpression lethality. As was true for conditional alleles of its Schizosaccharomyces and Aspergillus homologs dis2 ϩ and bimG, a cs allele of GLC7, glc7
Y-170, conferred a cell cycle progression defect specific for this phase (15, 23, 31) . However, although all three conditional alleles were recessive to wild type, dis2-11 cs was clearly not a simple conditional-null mutant, since deletion of dis2 ϩ was not lethal (25, 32) . Because of this and because a recessive lethal glc7 ts allele did not confer stage-specific arrest (28), the possibility remained that the arrest conferred by glc7 Y-170 was an allele-specific effect and did not demonstrate a requirement for Glc7p catalytic activity per se at G 2 /M (alternative models are discussed in reference 23). However, our depletion results unambiguously establish that such a requirement exists. Additionally, the difference in the predominant end points obtained with the glc7 cs allele and with depletion (all early M versus 80% late M, respectively) is intriguing and merits further investigation. While it could represent an allele-specific or temperaturespecific artifact of cs arrest or a natural difference in the responses of the strains to PP1 deficiency like the variation in response to Sit4p-PP deficiency among strains carrying different alleles at the polymorphic SSD1 locus (48) , it could also signal the existence of two closely temporally spaced PP1-dependent stage transitions, the latter of which might be hard to reveal by rapidly shutting off activity of the cs protein in unsynchronized cells. Discriminating among these possibilities will require exchanging the genetic backgrounds used in the depletion and cs arrest experiments, performing depletion experiments at the restrictive temperature of the cs mutation, and performing cs arrest experiments with synchronized cells.
With respect to the mechanism underlying GLC7 overexpression lethality, the rapidity of arrest and viability loss which we observed (Fig. 4) argue against lethality being secondary to chromosomal nondisjunction events which occur in a low proportion of cells at lower levels of overexpression (18) . As with extreme overproduction of PP2A (35) , the morphological consequences of Glc7p overproduction which we observed are compatible with perturbation of the cell polarity/bud emergence machinery, with which GLC7 has known genetic interactions (23) . However, conclusions about the normal biological role of Glc7p must be drawn from overproduction data with great care, since the condition is unnatural and could have effects attributable to spillover of Glc7p activity into pathways normally regulated by other PPs. In the future, recovery of shp mutations acting downstream of Glc7p may shed light on this issue.
Finally, identification of control of Glc7p activity by Shp1p provides the first demonstration of the utility of the Hcl phenotype in pathway analysis and guidance for its future exploitation. Since the shp1 mutations suppressed GAL10-GLC7 lethality as well as the GLC7 Hcl phenotype, they could have been recovered as suppressors of either lethal condition. Although there are cases in which an overexpression lethal gene does not exhibit lethality under both of these conditions, when it does, incorporation of both overexpression strategies into one suppressor screening strain could prevent recovery of the most common classes of false-positive isolates characteristic of each of them. These false-positive pseudo-suppressor classestrans mutations affecting GAL promoter strength (16) and spontaneous diploid cells (our results)-appear to be specific for promoter-driven and template-driven overexpression, respectively; therefore, at least for some overexpression lethal genes, high-copy lethality and promoter-driven lethality could provide orthogonal approaches to suppressor mutation isolation, which, used in tandem, would be more powerful than either alone.
